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ABSTRACT
In this paper we investigate the statistical properties of the Baryonic Tully-Fisher
relation (BTFr) for a sample of 32 galaxies with accurate distances based on Cephe¨ıds
and/or TRGB stars. We make use of homogeneously analysed photometry in 18 bands
ranging from the FUV to 160 µm, allowing us to investigate the effect of the inferred
stellar mass–to–light ratio (Υ?) on the statistical properties of the BTFr. Stellar masses
of our sample galaxies are derived with four different methods based on full SED–
fitting, studies of stellar dynamics , near-infrared colours, and the assumption of the
same Υ
[3.6]
? for all galaxies. In addition, we use high–quality, resolved Hi kinematics to
study the BTFr based on three kinematic measures:W i50 from the global HI profile, and
Vmax and Vflat from the rotation curve. We find the intrinsic perpendicular scatter,
or tightness, of our BTFr to be σ⊥ = 0.026± 0.013 dex, consistent with the intrinsic
tightness of the 3.6 µm luminosity–based TFr. However, we find the slope of the BTFr
to be 2.99±0.2 instead of 3.7±0.1 for the luminosity–based TFr at 3.6µm. We use our
BTFr to place important observational constraints on theoretical models of galaxy
formation and evolution by making comparisons with theoretical predictions based on
either the ΛCDM framework or modified Newtonian dynamics.
Key words: galaxies: fundamental parameters – galaxies: kinematics, dynamics,
photometry, scaling relations
1 INTRODUCTION
The empirical scaling relations of galaxies are a clear demon-
stration of the underlying physical processes that govern the
formation and evolution of galaxies. Any particular theory
of galaxy formation and evolution should therefore explain
their origin and intrinsic properties such as their slope, scat-
ter and zero point. One of the most multifunctional and
well–studied empirical scaling relations is the relation be-
tween the width of the neutral hydrogen line and the lu-
minosity of a galaxy (Tully & Fisher 1977), known as the
Tully-Fisher relation (TFr). Originally established as a tool
to measure distances to galaxies, it became one of the most
widely used relations to constrain theories of galaxy forma-
? E-mail: anastasia.ponomareva@anu.edu.au
tion and evolution (Navarro & Steinmetz 2000; Vogelsberger
et al. 2014; Schaye et al. 2015; Verbeke et al. 2015; Maccio`
et al. 2016). Even though the TFr has been extensively stud-
ied and explored during the past four decades (Verheijen
2001; McGaugh 2005; Tully & Courtois 2012; Sorce et al.
2013; Karachentsev et al. 2017), many open questions still
remain, especially those relating to the physical origin and
the underlying physical mechanisms which maintain the TFr
as galaxies evolve (McGaugh & de Blok 1998; Courteau &
Rix 1999; van den Bosch 2000). Finding answers to these
questions is crucial for our comprehension of galaxies and
how they form and evolve.
At present, the physical principle behind the TFr is
widely considered to be a relation between the baryonic mass
of a galaxy and the mass of its host dark matter (DM) halo
(Milgrom & Braun 1988; Freeman 1999; McGaugh 2005)
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since the TFr links the baryonic content of a galaxy (char-
acterised by its luminosity) to a dynamical property (char-
acterised by its rotational velocity). Therefore, if a galaxy’s
luminosity is a proxy for a certain baryonic mass fraction,
a relation between its rotational velocity and its total bary-
onic mass should exist. Indeed, McGaugh et al. (2000) have
shown the presence of such a relation, which is now widely
known as the Baryonic Tully-Fisher relation (BTFr).
Subsequently, the BTFr was widely studied (Bell & de
Jong 2001; Zaritsky et al. 2014; Papastergis et al. 2016; Lelli
et al. 2016) as it has a great potential to put quantitative
constraints on models of galaxy formation and evolution.
Moreover, it clearly offers some challenges to the ΛCDM
cosmology model. Foremost, it follows just a single power–
law over a broad range of galaxy masses. This is contrary to
the expected relation in the ΛCDM paradigm of galaxy for-
mation, where the BTFr “curves” at the low velocity range
(Trujillo-Gomez et al. 2011; Desmond 2012). Second, the
BTFr appears to be extremely tight, suggesting a zero in-
trinsic scatter (Verheijen 2001; McGaugh 2012). It is difficult
to explain such a small observational scatter in the BTFr,
as various theoretical prescriptions in simulations, such as
the mass–concentration relation of dark matter halos or the
baryon–to–halo mass ratio, result in a significant scatter. For
instance, Lelli et al. (2016) have found an intrinsic scatter of
∼ 0.1 dex, while Dutton (2012) predicts a minimum intrinsic
scatter of ∼ 0.15 dex, using a semi-analytic galaxy formation
model in the ΛCDM context. However, Papastergis et al.
(2016) have shown that theoretical results seem to repro-
duce the observed BTFr better if hydrodynamic simulations
are considered instead of semi-analytical models (Governato
et al. 2012; Brooks & Zolotov 2014; Christensen et al. 2014).
This suggests that the galactic properties that are expected
to contribute to the intrinsic scatter (halo spin, halo con-
centration, baryon fraction) are not completely independent
from each other. Moreover, the BTFr is also used to test al-
ternative theories of gravity, and various studies argue that
the observed properties of the BTFr can be better explained
by a modification of the gravity law (e.g. MOND, Milgrom
1983) than by a theory in which the dynamical mass of
galaxies is dominated by the DM, such as in the ΛCDM
scenario.
The BTFr can be considered as a reliable tool to test
galaxy formation and evolution models only if the statisti-
cal properties of the BTFr compared between observations
and simulations are as consistent as possible. So far, vari-
ous observational results differ in details, even though they
find similar results in general. For instance, the slope of the
observed relation varies from ∼ 3.5 (Bell & de Jong 2001;
Zaritsky et al. 2014) to ∼ 4.0 (McGaugh et al. 2000; Pa-
pastergis et al. 2016; Lelli et al. 2016). Therefore, it is impor-
tant to address the observational limitations when studying
the BTFr because the measurements of the rotational veloc-
ity and of the baryonic mass of galaxies are rather difficult.
The baryonic mass of a galaxy is usually measured as the
sum of the stellar and neutral gas components. According
to Bland-Hawthorn & Gerhard (2016), the contribution of
the hot halo gas is larger in mass, but this is usually not
accounted for in the BTFr. Since the neutral atomic gas
mass can be measured straightforwardly from 21-cm line
observations while the contribution of molecular gas to the
total baryonic mass is often small, the biggest contributor
to the uncertainty in the BTFr is the stellar mass mea-
surement. Even though various prescriptions to determine
the stellar mass are available, the relative uncertainty in
the stellar mass derived from photometric imaging usually
ranges between 60-100 % (Pforr et al. 2012). Moreover, var-
ious recipes for deriving the stellar mass-to-light ratio (Υ?)
from spectro–photometric measurements depend on a num-
ber of parameters, such as the adopted initial stellar mass
function (IMF), the star formation history (SFH) and un-
certainties in modelling the advanced phases of stellar evo-
lution, such as AGB stars (Maraston et al. 2006; Conroy
et al. 2009). There are alternative ways to measure the stel-
lar mass of galaxies, for example by estimating it from the
vertical velocity dispersion of stars in nearly face–on disk
galaxies (Bershady et al. 2010). However, such methods are
observationally expensive and have systematic limitations as
well (Aniyan et al. 2016).
The BTFr requires an accurate measurement of the ro-
tational velocity of galaxies. There are several methods to
estimate this parameter, derived either from the width of
the global Hi profile or from spatially resolved Hi kinemat-
ics. It was shown by Verheijen (2001) that the scatter in
the luminosity–based TFr can be decreased if the velocity of
the outer flat part (Vflat) of the rotation curve is used as a
measure of the rotational velocity, instead of the corrected
width of the global Hi profile W i50. As was shown in Pono-
mareva et al. 2016 (hereafter P16), the rotational velocity
derived from the width of the global Hi profile may differ
from the value measured from the flat part of the rotation
curve, especially for galaxies which have either rising or de-
clining rotation curves. These issues should be considered
when studying the statistical properties of the BTFr. Like-
wise, Brook et al. (2016) demonstrated with a set of sim-
ulated galaxies that the statistical properties of the BTFr
vary significantly, depending on the rotational velocity mea-
sure used.
In order to take into account the uncertainties men-
tioned above and to establish a more definitive study of the
BTFr, we consider in detail four methods to estimate the
stellar mass of galaxies. This allows us to study the depen-
dence of the statistical properties of the BTFr as a func-
tion of the method used to determine the stellar mass: full
SED–fitting, dynamical Υ? calibration, Υ
[3.6]
? as a function
of [3.6]-[4.5] colour and constant Υ
[3.6]
? . Furthermore, we con-
sider the BTFr based on three velocity measures: W50 from
the corrected width of the global Hi profile, and Vflat and
Vmax from the rotation curve. This allows us to study how
the slope, scatter and tightness of the BTFr change if the
relation is based on a different definition of the rotational
velocity.
This paper is organised as follows: Section 2 describes
the sample of BTFr galaxies. Section 3 describes the data
sources. Section 4 describes the gas mass derivation. Section
5 describes four methods to estimate the stellar mass of the
sample galaxies. Section 6 provides the comparison of the
BTFrs based on different stellar mass measurements. Sec-
tion 7 presents our adopted BTFr. Section 8 demonstrates
the comparison of our adopted BTFr with previous obser-
vational studies and theoretical results. Section 9 presents
concluding remarks.
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2 THE SAMPLE
In order to study the statistical properties of the BTFr and
to be able to compare our results with the luminosity–based
TFr studied in Ponomareva et al. 2017 (hereafter P17), we
adopt the same sample of 32 galaxies used in P17. These
galaxies were selected according to the following criteria: 1)
Sa or later in morphological type, 2) an inclination above
45◦, 3) Hi profiles with adequate S/N and without obvious
distortions or contributions from possible companions to the
flux. The main properties of the sample are summarised in
Table 1 in P16. This sample has been specifically selected
to study the BTFr in detail and has properties that help
minimize many of the observational uncertainties involved
in the measurement of the relation such as: 1) poorly known
distances, 2) the conversion of light into stellar mass, and 3)
the lack of high-quality Hi rotation curves.
First, galaxies in our sample have accurate primary
distance measurements, either from the Cephe¨ıd period–
luminosity relation (Freedman et al. 2001) or/and from the
brightness of the tip of the red giant branch (Rizzi et al.
2007). If simple Hubble flow distances were used for the
nearby galaxies in our sample, the distance uncertainties
might contribute up to 0.4 mag to the observed scatter of the
luminosity–based TFr. In contrast, the distance uncertainty
contribution to the observed scatter in the TFr is only 0.07
mag if independently measured distances are adopted (P17).
Second, our adopted sample benefits from homogeneously
analysed photometry in 18 bands, ranging from FUV to
160 µm. This allows us to perform a spectral energy dis-
tribution (SED) fitting to derive the stellar masses based
on stellar population modelling. Third, all galaxies from our
sample have Hi synthesis imaging data and high–quality ro-
tation curves available, from which we derive the maximum
rotational velocity Vmax and the outer flat rotational veloc-
ity Vflat (P16).
3 DATA SOURCES
To derive the main ingredients for the BTFr such as stel-
lar masses, molecular and atomic gas masses and rotational
velocities, we use the following data sources and techniques.
3.1 21–cm aperture synthesis imaging
For our study we collected 21–cm aperture synthesis imag-
ing data from the literature, since many of our galaxies
were already observed as part of several large Hi surveys
(see P16 for an overview). Moreover, we observed ourselves
three more galaxies with the GMRT (see P16 for more de-
tails). All data cubes were analysed in the same manner
and various data products were derived, including global Hi
profiles, surface density profiles and high–quality rotation
curves. Based on these homogeneous Hi data products, we
have measured rotational velocities in three ways: from the
corrected width of the global Hi profile (Vcirc = W
R,t,i
50 /2),
as the maximal rotational velocity (Vmax) from the rotation
curve, and as the velocity of the outer “flat” part of the rota-
tion curve (Vflat), noting that massive and compact galaxies
often show a declining rotation curve in their inner regions
where Vmax > Vflat.
3.2 Photometry
In P17 we have derived the main photometric properties of
our sample galaxies to study the wavelength dependence of
the slope, scatter and tightness of the luminosity–based TFr
in 12 photometric bands from FUV to 4.5 µm with mag-
nitudes corrected for internal and Galactic extinction. For
this work, we have collected and analysed supplementary
Wide-field Infrared Survey Explorer (WISE, Wright et al.
2010) imaging data at 12 µm and 22 µm. In each pass-
band, we calculate magnitudes in apertures of increasing
area and extrapolate the resulting surface brightness pro-
files to obtain the total magnitudes. Moreover, to determine
the far-infrared emission we collected from the literature far-
infrared fluxes at 60 µm and 100 µm as measured by IRAS,
and at 70 µm and 160 µm as measured with Herschel/MIPS.
We use these photometric measurements to estimate the
stellar masses of our sample galaxies.
4 GAS MASS
Gas is an important contributor to the baryonic mass of a
spiral galaxy and plays a crucial role in the study of the
BTFr. For instance, when assuming the same stellar mass–
to–light ratio for all sample galaxies, only the gas mass is
responsible for any difference in the slope and tightness of
the BTFr compared to the luminosity–based TFr.
The Hi mass can be directly measured from the 21-
cm radio observations, while the H2 mass can only be ob-
tained indirectly using either CO or wartm dust observa-
tions (Leroy et al. 2009; Westfall et al. 2011; Martinsson
et al. 2013). Although generally the atomic gas mass domi-
nates over the molecular component, there are several known
cases where the estimated mass of the molecular gas is sim-
ilar to, or exceeds, the mass of the atomic gas (Leroy et al.
2009; Saintonge et al. 2011; Martinsson et al. 2013). There-
fore, it is important to take both constituents into account
when studying the BTFr. In this section we describe how
the masses of the atomic and molecular gas were derived.
4.1 Hi mass
We calculate the Hi masses of our sample galaxies using the
integrated Hi–line flux density (
∫
Sνdv [Jy kms
−1]) derived
as part of the analysis of the 21-cm radio synthesis imaging
observations (P16), according to:
MHI [M] = 2.36×105×D2[Mpc]
∫
Sνdv [Jykms
−1], (1)
where D is the distance to the galaxy, as listed in P16, Ta-
ble 1. We derive the error on the Hi mass by following a
full error propagation calculation, taking into account the
measurement error on the flux density and the error on the
distance modulus as calculated in P16 . Furthermore, we
calculate the total neutral atomic gas mass as
Matom = 1.4×MHI , (2)
where the factor 1.4 accounts for the primordial abundance
of helium and metals. The mass of the neutral atomic gas
component is listed in Table 2. It is important to note that
MNRAS 000, 1–?? (2017)
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Figure 1. The comparison between the H2 mass derived using
the 22 µm surface brightness (this work), and the H2 mass de-
rived from direct CO measurements from the HERACLES survey
(Leroy et al. 2009). The dashed line represents the 1:1 correspon-
dence.
we estimate the Hi mass under the assumption that all of
the 21 cm emission is optically thin, which is not always the
case and up to 30% of the Hi mass can be hidden due to Hi
self–absorption according to Peters et al. (2017).
4.2 H2 mass
Unfortunately, the distribution of the molecular hydrogen
(H2) in galaxies can not be directly observed. Therefore, in-
direct methods are required to estimate the mass of the H2
(MH2). The most straightforward and widely studied tracer
of the H2 gas is the CO emission line, which can be di-
rectly observed (Leroy et al. 2009; Saintonge et al. 2011;
Young & Scoville 1991). The MH2 can be estimated using the
12CO(J = 1→ 0) flux (ICO∆V ) and the 12CO(J = 1→ 0)-
to-H2 conversion factor XCO. However, only 5 out of 32
galaxies in our sample have CO measurements available. In
order to ensure a homogeneous analysis, we use instead the
22 µm imaging photometry to estimate the CO column–
density distribution. This approach is motivated by various
studies that demonstrate a tight correlation between the in-
frared luminosity of spiral galaxies, associated with the ther-
mal dust emission, and their molecular gas content as traced
by the CO emission (Westfall et al. 2011; Bendo et al. 2007;
Paladino et al. 2006; Young & Scoville 1991). For our study
we use the following relation from Westfall et al. (2011) to
derive ICO∆V :
log(ICO∆V ) = 1.08 · log(I22µm) + 0.15, (3)
where ICO∆V is in K kms
−1 and I22µm is the 22 µm surface
brightness in MJy sr−1. Note that Westfall et al. (2011) used
24 µm fluxes in their study. However, the 24 µm and 22 µm
bands are very similar and therefore we proceed our study
using the 22 µm flux. We do not detect 22 µm flux emission
in only 2 galaxies, NGC 3319 and NGC 4244, which is not
surprising as these two galaxies are dwarfs. In dwarf galaxies,
8.0 8.5 9.0 9.5 10.0 10.5
log(Matom)
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m
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Figure 2.Matom vs. Mmol for our sample galaxies. The solid line
indicates the fit from Saintonge et al. (2011). The dashed lines
represent the scatter in the Matom − Mmol relation (σ = 0.41
dex) also from Saintonge et al. (2011). Note that only 30 galaxies
are shown, as we did not detect NGC 3319 and NGC 4244 at
22µm.
the low metallicities cause large uncertainties in the XCO
factor, which makes it impossible to relate the amount of CO
to H2. Of course, H2 is strongly correlated with the SFR,
which is very low in dwarf galaxies, and therefore one can
conclude that the contribution of H2 to the bulk mass of a
dwarf galaxy is negligible. Next, we calculate the MH2 using
the XCO conversion factor (Westfall et al. 2011; Martinsson
et al. 2013):
ΣMH2 [Mpc
−2] = 1.6ICO∆V ×XCO · cos(i), (4)
where i is the inclination angle as derived from the Hi kine-
matics. Even though the use of XCO is a standard proce-
dure to convert CO column density into molecular hydrogen
gas mass, different studies offer various derivations of XCO.
Here, we adopt XCO = 2.7(±0.9) × 1020cm−2(Kkms−1)−1
from Westfall et al. (2011). In that study, they use a mean
value of the Galactic measurement of XCO from Dame et al.
(2001) and the measurements for M31 and M33 from Bo-
latto et al. (2008). In Figure 1 we compare our H2 masses
with those derived from the direct CO measurements from
the HERACLES survey (Leroy et al. 2009) for five galax-
ies in our sample. It is clear that our estimates are in good
agreement. To account for the mass of helium and heavier
elements corresponding to hydrogen in the molecular phase,
we calculate the mass of the molecular gas component as:
Mmol = 1.4×MH2 . (5)
Despite a good agreement with the HERACLES measure-
ments, the method to estimate the CO column density from
the 22 µm surface brightness has its limitations which result
in a significant estimated error on the molecular gas mass of
∼ 42 % (Westfall et al. 2011; Martinsson et al. 2013), which
we adopted for our measurements.
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Figure 3. Correlations between Rmol and global galaxy properties. In the bottom right corner the Pearson’s correlation coefficients are
shown.
4.3 Matom vs. Mmol
Presuming that the molecular gas forms out of collapsing
clouds of atomic gas, it seems reasonable to expect a tight
correlation between the masses of the atomic and molecular
components. However, recent studies of the gas content of
large galaxy samples have shown that this is not the case. A
large scatter is present in the Matom–Mmol relation (Leroy
et al. 2009; Saintonge et al. 2011; Martinsson et al. 2013).
Figure 2 shows the Matom–Mmol relation for our sample
galaxies. Even though the majority of our galaxies follows
the relation from Saintonge et al. (2011) with a similar scat-
ter, we have some outliers with smaller molecular–to–atomic
mass ratio (Rmol = Mmol/Matom) which lie below the bot-
tom dashed line in Figure 2.
In Figure 3 we present correlations between Rmol and
global galaxy properties such as absolute magnitude, colour,
central surface brightness and star formation rate. Even
though there are some hints that more luminous, redder
galaxies with a higher star formation rate tend to have a
larger fraction of Mmol, the scatter in these correlations is
very large, with the best correlation between logRmol vs
SFR. In general, Rmol for individual galaxies ranges greatly
from 0.001 to 3.97 with a mean value of < Rmol >= 0.38,
which is in good agreement with previous studies (Leroy
et al. 2009; Saintonge et al. 2011; Martinsson et al. 2013).
We find one extreme case, NGC 3627, with Rmol = 3.97,
comparable to UGC 463 with Rmol = 2.98 (Martinsson et al.
2013), NGC 4736 with Rmol = 1.13 (Leroy et al. 2009) and
G38462 with Rmol = 4.09 (Saintonge et al. 2011).
It is important to mention that in this section we de-
liberately do not compare masses of the gaseous compo-
nents with the estimated masses of the stars in our sam-
ple galaxies, because the measurement of the stellar masses
is not straightforward and the contribution of the stellar
mass to the baryonic mass budget can vary, depending on
the method used to estimate stellar masses. We discuss this
subject in the following section.
5 STELLAR MASSES
The stellar masses of galaxies, unlike the light, can not be
measured directly and, therefore, their estimation is a very
complex process with various assumptions and uncertainties.
The most common method of estimating the stellar mass
of a galaxy is to convert the measured light into mass us-
ing a relevant mass–to–light ratio. However, deciding which
mass–to–light ratio to use is not straightforward. It can be
derived either from stellar population synthesis models or by
measuring the dynamical mass (surface) density of a galaxy.
Every method of estimating the mass-to-light ratio has its
uncertainties and limitations. In this paper we consider four
different methods of estimating the stellar masses, and work
out for each of them their effect on the statistical properties
of the BTFr. In our study, regardless of the method, we limit
ourselves to integral mass–to–light ratios, i.e. no radial vari-
ation of this quantity is analysed. Even though bulges are
expected to have higher mass–to–light ratios than disks, we
justify this approach given the absence of strong colour gra-
dients with radius and the small number of bulge dominated
galaxies in our sample.
5.1 SED modeling
The light that comes from stars of different ages and masses
dominates the flux in different photometric bands. Thus,
for example, young hot stars dominate the flux in the UV
bands while old stellar populations are more dominant in
the infrared bands: e.g. 0.8-5 µm. Moreover, mid– and far–
infrared bands can trace the galactic dust at various temper-
atures. The differences between magnitudes in these photo-
metric bands (galactic colours) contain information on var-
ious properties of the stars in a galaxy such as their age
or metallicity. Therefore, stellar population models aim to
create a mix of stellar populations that is able to simulta-
neously reproduce a wide range of observed colours. Hence,
modelling of the spectral energy distribution allows us to
estimate the total stellar mass of the composite stellar pop-
ulation. This process is called spectral energy distribution
(SED) fitting.
It is important to measure the luminosity of a galaxy
at as many wavelengths as possible in order to provide more
constraints on the various physical parameters of a model.
Having photometric measurements in many bands, spanning
from the far–ultraviolet to the far–infrared, helps to derive
more reliable values for various galactic properties that in-
fluence the estimation of the stellar mass (e.g., star forma-
tion history, metallicity). However, it should be kept in mind
that stellar mass estimates from SED–fitting are nonetheless
limited by systematic uncertainties in the theoretical mod-
MNRAS 000, 1–?? (2017)
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Figure 4. An example of the best–fit model, performed with MAGPHYS (in black) over the observed spectral energy distribution of NGC
3031. The blue curve shows the unattenuated stellar population spectrum. The bottom plot shows the residuals for each measurement
((Lobs − Lmod)/Lobs).
elling of stellar populations. For example, limited knowledge
regarding the initial mass function (IMF), uncertainties in
the theoretical modelling of advanced stages of stellar evo-
lution, or limitations of stellar spectral libraries cannot be
suppressed with better photometric data.
To calculate the stellar masses of our sample galaxies us-
ing SED–fitting, we derived fluxes in 14 photometric bands
from FUV to 22 µm. Moreover, we collected from the liter-
ature far–infrared fluxes at 60 µm and 100 µm as measured
by IRAS, and at 70 µm and 160 µm, as measured with Her-
schel/MIPS (see Section 3.2). Consequently, we have at our
disposal measured fluxes in 18 photometric bands for every
galaxy (except for 10 galaxies that lack SDSS data, see P17).
We performed the fitting of the spectral energy distribution
of every galaxy, using the SED–fitting code “MAGPHYS”,
following the approach described in da Cunha et al. (2008).
The advantage of this code is its ability to interpret the mid–
and far–infrared luminosities of galaxies consistently with
the UV, optical and near–infrared luminosities. To interpret
stellar evolution it uses the Bruzual & Charlot (2003) stellar
population synthesis model. This model predicts the spectral
evolution of stellar populations at ages between 1× 105 and
2×1010 yr. In this model, the stellar populations of a galaxy
are described with a series of instantaneous bursts, so called
“simple stellar populations”. The code adopts the Chabrier
(2003) Galactic disk IMF. The code also takes into account
a new prescription for the evolution of low and intermedi-
ate mass stars on the thermally pulsating asymptotic giant
branch (Marigo & Girardi 2007). This prescription helps to
improve the prediction of the near-infrared colours of an in-
termediate age stellar population, which is important in the
context of spiral galaxies. To describe the attenuation of the
stellar light by the dust, the code uses the two–component
model of Charlot & Fall (2000). It calculates the emission
from the dust in giant molecular clouds and in the diffuse
ISM, and then distributes the luminosity over wavelengths
to compute the infrared spectral energy distribution. The
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[3.6]− [4.5]
0.0
0.1
0.2
0.3
0.4
0.5
0.6
Υ
3
.6
,S
E
D
?
r=-0.12
Figure 5. Derived stellar mass-to-light ratios from the SED–
fitting (Υ
SED,[3.6]
? ) as a function of the [3.6] − [4.5] colour. The
linear fit is shown with the dashed line, r is Pearson’s correlation
coefficient.
ability of the SED–fitting code to take a dusty component
into account while performing the stellar mass estimate is
very important for our study because we deal with star form-
ing spirals in which the amount of dust and obscuration is
not negligible. From the SED fitting we derive a stellar mass
estimate for each galaxy in our sample. As an example, the
best–fit SED model for NGC 3031 is shown in Figure 4 (see
Appendix B for the SED fits of other sample galaxies).
Thereby we obtain the stellar mass–to–light ratio (Υ?)
for the light in several photometric bands. We present the
Υ? for the K and 3.6 µm bands in Table 1 together with
the other parameters obtained from the SED modelling. No-
tably, we will refer to the stellar mass–to–light ratio, mea-
sured from the SED-fitting as ΥSED,λ? , where λ is a par-
ticular photometric band. Interestingly, we do not find any
correlation between Υ
SED,[3.6]
? and the [3.6] − [4.5] colour
(Figure 5), while such a correlation exists in case Υ
[3.6]
? is
measured with other methods (see below).
We assign a relative error to the SED–based stellar
mass–to–light ratio (ΥSED,λ? ) equal to ΥSED,λ?
= 0.1 dex
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name log(sSFR) log(SFR) log(MSED? ) log(Mdust) Υ
SED,[3.6]
? Υ
SED,K
?
NGC 55 -11.60 -2.40 9.20 6.27 0.32 0.34
NGC 224 -15.37 -4.79 10.57 7.16 0.21 —
NGC 247 -10.55 -1.51 9.04 6.68 0.15 0.21
NGC 253 -13.06 -2.64 10.41 8.03 0.22 0.32
NGC 300 -10.57 -1.66 8.91 6.58 0.19 0.21
NGC 925 -12.18 -2.38 9.80 7.08 0.35 0.41
NGC 1365 -13.18 -2.38 10.80 7.56 0.33 0.38
NGC 2366 -7.81 -0.65 7.16 4.57 0.04 0.04
NGC 2403 -10.77 -1.61 9.16 6.86 0.12 0.17
NGC 2541 -10.89 -1.90 8.99 6.09 0.16 0.23
NGC 2841 -14.36 -3.69 10.67 8.05 0.21 0.27
NGC 2976 -10.79 -1.94 8.84 6.07 0.17 0.24
NGC 3031 -13.97 -3.38 10.59 7.70 0.33 0.45
NGC 3109 -9.27 -1.62 7.65 4.71 0.14 0.19
NGC 3198 -11.83 -1.94 9.89 7.56 0.21 0.27
IC 2574 -8.30 -0.58 7.72 5.63 0.03 0.06
NGC 3319 -11.33 -1.99 9.34 6.28 0.24 0.26
NGC 3351 -12.75 -2.40 10.35 7.34 0.34 0.40
NGC 3370 -10.73 -1.17 9.56 7.25 0.10 0.14
NGC 3621 -12.18 -2.25 9.93 7.47 0.30 0.40
NGC 3627 -11.99 -1.79 10.21 7.93 0.16 0.20
NGC 4244 -10.62 -1.79 8.83 5.95 0.12 0.18
NGC 4258 -12.77 -2.40 10.37 7.24 0.21 0.26
NGC 4414 -12.52 -1.98 10.54 8.21 0.26 0.31
NGC 4535 -12.50 -2.13 10.37 7.74 0.25 0.30
NGC 4536 -12.25 -2.06 10.19 7.86 0.28 0.41
NGC 4605 -11.07 -1.82 9.25 6.64 0.26 0.36
NGC 4639 -12.51 -2.36 10.15 7.18 0.34 0.41
NGC 4725 -13.57 -2.91 10.66 7.66 0.38 0.41
NGC 5584 -10.93 -1.46 9.47 6.54 0.12 0.12
NGC 7331 -13.93 -2.84 11.09 8.20 0.52 0.68
NGC 7793 -11.64 -2.27 9.37 6.38 0.36 0.44
Table 1. Results of the SED-fitting performed with MAGPHYS. Column (1): name; Column (2): log of the specific star formation rate;
Column (3): log of the star formation rate; Column (4): log of the stellar mass; Column (5): log of the dust mass; Column (6): stellar
mass-to-light ratio for the stellar masses from Column (4) and light in the 3.6µm band; Column (7): stellar mass-to-light ratio for the
stellar masses from Column (4) and light in the K– band;
motivated by the test by Roediger & Courteau (2015), who
performed SED–fitting with “MAGPHYS” on a sample of
mock galaxies. They could recover the known stellar masses
with a scatter of 0.1 dex for various samples using a differ-
ent number of observational bands. Finally, we calculate a
fractional error on the stellar mass as follows:
2MSED? = (10
m/2.5 − 1)2 + 2Υ? , (6)
where m is the mean error in the absolute magnitude over
all bands, equal to m = 0.15 mag. Note that the distance
uncertainty is already included in this error on the magni-
tude. The global parameters of our sample galaxies based
on the SED–fitting method are summarised in Table 1.
5.2 Dynamical Υ? calibration
Another method to estimate the stellar masses of spiral
galaxies is by measuring the mass surface density of their
disks dynamically. The strategy for disk galaxies is to mea-
sure the vertical stellar velocity dispersion (σz), which can
2.5 3.0 3.5 4.0 4.5
B-K
0.0
0.2
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Υ
D
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Figure 6. Stellar mass-to-light ratios from the DMS (ΥDyn,K? )
as a function of the B-K colour.
be used to obtain the dynamical mass surface density of a
collisionless stellar disk in equilibrium:
Σdyn =
σ2z
piGκhzµ
, (7)
where µ is the surface brightness, G is the gravitational con-
stant, hz is the disk scale height and κ is the vertical mass
distribution parameter (van der Kruit & Searle 1981; Bah-
call & Casertano 1984). While µ can be easily measured from
MNRAS 000, 1–?? (2017)
8 Ponomareva et al.
photometric studies, and there is a well–calibrated relation
between the disk scale length hr and disk scale height hz (de
Grijs & van der Kruit 1996; Kregel et al. 2002), σz is very dif-
ficult to measure. Here, we take advantage of the DiskMass
Survey (DMS) (Bershady et al. 2010) for dynamically cali-
brated stellar mass-to-light ratios, which were obtained by
measuring σz for a sample of 30 spiral galaxies (Martinsson
et al. 2013). The DMS sample is mostly Sc spirals and does
not overlap with our BTFr sample. In that study the line-
of-sight stellar velocity dispersion (σLOS) was measured and
then converted into σz. To minimize errors on σz, which sig-
nificantly affect Σdyn, spiral galaxies close to face–on were
observed. Consequently, the stellar mass surface density was
calculated following:
Σ? = Σdyn − Σmol − Σatom, (8)
where Σmol and Σatom are the mass surface densities of the
molecular and atomic hydrogen, see Section 4. Then, the
stellar mass-to-light ratio Υ? can be expressed as follows:
Υ? =
Σ?
µ
, (9)
where µ is the K-band surface brightness (Martinsson et al.
2013). We refer to this stellar mass-to-light ratio as ΥDyn,K? .
Next, we use ΥDyn,K? from the DMS and check if those
values correlate with a colour term, which can be measured
directly from the photometry. If such a correlation exists, we
would be able to adopt the ΥDyn,K? as a function of colour for
our sample. However, we did not find any correlation ( see
Figure 6). Therefore, we adopt a median value for ΥDyn,K?
from Martinsson et al. (2013), equal to < ΥDyn,K? >= 0.29
and we apply it to our K–band magnitudes to derive stellar
masses for our sample galaxies:
MDyn? =< Υ
Dyn,K
? > ·LK(L), (10)
where the absolute luminosity of the Sun in the K–band
is equal to 3.27 mag. For the error on < ΥDyn,K? > we
adopt the median error from Martinsson et al. (2013) equal
to 
<Υ
Dyn,K
? >
= 0.19 dex and then we calculate the frac-
tional error on the stellar mass according to Eq. 6. We esti-
mate the error on our magnitudes as the mean error of the
K–band apparent magnitude, equal to m = 0.17 mag.
5.3 Υ
[3.6]
? as a function of [3.6]–[4.5] colour
The flux in the 3.6 µm band is considered a good tracer
of the old stellar population of galaxies, which is the main
contributor to the total stellar mass, especially in early–type
galaxies (ETGs). Therefore, in recent years much attention
has been given to finding the best way to convert the 3.6 µm
flux into stellar mass (Eskew et al. 2012; Querejeta et al.
2015; Ro¨ck et al. 2015; Meidt et al. 2012). Many of these
studies found a correlation between Υ
[3.6]
? and the [3.6]−[4.5]
colour.
For instance, Eskew et al. (2012) used measurements of
the resolved Large Magellanic Cloud (LMC) star formation
history (SFH) (Harris & Zaritsky 2009) to calibrate Υ
[3.6]
?
by linking the mass in various regions of the LMC to the 3.6
µm flux. They found that the stellar mass can be traced well
by the 3.6 µm flux if a bottom-heavy initial mass function
(IMF), such as Salpeter, or heavier was assumed. They esti-
mated the stellar mass-to-light ratio to be Υ
[3.6]
? = 0.54 with
a 30 % uncertainty. Subsequently, they found that Υ
[3.6]
? in
each region of the LMC correlates with the local [3.6]− [4.5]
colour, according to:
logΥ[3.6]? = −0.74([3.6]− [4.5])− 0.23. (11)
Hence, Eq. 11 can be applied to calculate the stellar masses
of our galaxies, if the fluxes at 3.6 µm and 4.5 µm are known.
However, it was demonstrated by Meidt et al. (2012)
that the flux in the 3.6 µm band can be contaminated
by non–stellar emission from warm dust and from PAHs
(Shapiro et al. 2010). Therefore, they applied an Indepen-
dent Component Analysis (ICA) to separate the 3.6 µm flux
into contributions from the old stellar population and from
non-stellar sources. Thus, according to Meidt et al. (2014)
and Norris et al. (2014), a single Υ
[3.6]
? = 0.6 can be used
to convert the 3.6 µm flux into stellar mass, with an un-
certainty of only 0.1 dex, provided the observed flux is cor-
rected for non–stellar contamination. Remarkably, a con-
stant Υ
[3.6]
? = 0.6 was also found by stellar population syn-
thesis models in the infrared wavelength range (2.5–5 µm),
using empirical stellar spectra (Ro¨ck et al. 2015). In addi-
tion, Querejeta et al. (2015) presented an empirical calibra-
tion of Υ
[3.6]
? as a function of [3.6]− [4.5] colour for galaxies
for which the correction for non–stellar contamination was
applied. Thus, they expressed the corrected stellar mass-to-
light ratio as
Υ[3.6],corr? = (Υ
[3.6]
? = 0.6)×
F[3.6],cor
F[3.6],uncor
, (12)
where F[3.6],cor is the total 3.6 µm flux corrected for non–
stellar contamination and F[3.6],uncor is the observed total
flux. Hence, a constant Υ
[3.6]
? = 0.6 is applicable to observed
galaxies without any non-stellar contamination, such as in
ETGs, while Υ
[3.6]
? will decrease for those galaxies which
suffer the most from contamination, such as star–forming
spirals. Furthermore, they expressed Υ
[3.6],cor
? as a function
of the [3.6]− [4.5] colour according to:
logΥ[3.6],cor? = −0.339(±0.057)([3.6]−[4.5])−0.336(±0.002).
(13)
As shown in P17, the scatter in the luminosity–based
TFr can be reduced if the corrected 3.6 µm luminosities are
used. Therefore, we prefer Eq. 13 for the calibration of Υ
[3.6]
?
as a function of [3.6]–[4.5] colour. In the remainder of this
text, we refer to this mass–to–light ratio as Υ
[3.6],cor
? . We
assign an error to Υ
[3.6],cor
? equal to:
2
Υ
[3.6],cor
?
= 2Υ3.6? =0.6 + 
2
F[3.6],cor/F[3.6],uncor
, (14)
where Υ3.6? =0.6 is equal to 0.1 dex (Meidt et al. 2014)
and F[3.6],cor/F[3.6],uncor is an averaged error on the flux ra-
tios at 3.6 µm, equal to 0.1 dex. Furthermore, we calculate
the fractional error on the stellar mass according to Eq. 6,
using the error on the magnitude as the mean error on the
3.6 µm apparent magnitude, equal to m = 0.08 mag.
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Figure 7. Comparison of the distribution of stellar mass-to-light
ratios for the K–band from the DiskMass Survey for a sample
of 30 face-on galaxies (dark shade) and from the SED-fitting for
our sample (hatched). Distributions have almost the same median
with a difference of only 0.02.
5.4 Constant Υ
[3.6]
?
Despite all previously listed motivations to assign different
stellar mass–to–light ratios to disk galaxies, various studies
advocate the use of a single mass-to-light ratio for the 3.6 µm
flux. Different stellar population modelling results estimate
Υ
[3.6]
? in the range between 0.42 (McGaugh 2012; Schombert
& McGaugh 2014) and 0.6 (Ro¨ck et al. 2015; Meidt et al.
2014; Norris et al. 2014), pointing out that it is metallicity–
dependent. McGaugh et al. (2016) argue that assigning a
universal Υ
[3.6]
? allows for a direct representation of the data
with minimum assumptions, while other methods introduce
many more uncertainties.
Furthermore, Lelli et al. (2016) studied the statisti-
cal properties of the BTFr with resolved Hi kinematics
for a different sample of galaxies, using a single value of
Υ
[3.6]
? = 0.5 for the disk component (Schombert & McGaugh
2014). They found an extremely small vertical scatter in the
BTFr of σ = 0.1 dex. This motivated us to adopt a single
mass–to–light ratio of Υ
[3.6]
? = 0.5 as one of the methods
for estimating the stellar mass of our sample galaxies. We
adopt an error on the stellar mass-to-light ratio equal to

Υ
[3.6]
? =0.5
= 0.07 dex as reported by Schombert & McGaugh
(2014), and calculate the fractional error on the stellar mass
according to Eq. 6, with the magnitude error to be the mean
error in the 3.6 µm apparent magnitudes, equal to m = 0.08
mag.
5.5 A comparison between stellar mass–to–light
ratios
The four different methods from the previous subsections
have demonstrated that stellar masses of spiral galaxies can
not be estimated straightforwardly with a single prescrip-
tion. The resulting stellar masses derived with these differ-
ent methods are summarised in Table 2. Here we conclude
with comparisons between the derived stellar mass–to–light
ratios.
We find that the stellar mass–to–light ratios obtained
with the SED–fitting cover a wide range of values between
0.04 and 0.67 for the K–band and from 0.03 to 0.52 in the
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Figure 8. Comparison of the distribution of stellar mass-to-
light ratios at 3.6 µm as a function of colour (Method 3) in dark
shade and from the SED-fitting (Method 1) in hatched area. The
distribution of Υ
SED,[3.6]
? is much broader than the distribution
of Υ
[3.6],cor
? .
3.6 µm band. Such a large scatter in the bands which are
considered to have more or less the same mass–to–light ratio
for all galaxies, can be driven by the measurement errors and
model uncertainties. Indeed, it is very complicated to assign
a single mass–to–light ratio even within a galaxy, as spirals
tend to have various components, such as a bulge, disk and
spiral arms. Therefore, gradients in the mass–to–light ratio
are likely to be present within a galaxy, indicating the dif-
ferences in IMF and in star formation histories. However, in
our analysis we do not consider radial trends in mass–to–
light ratios, which may also be a reason for the large scatter
and uncertainties in Υ
SED,K/[3.6]
? . Interestingly, the values
of the dynamical mass–to–light ratios in the K–band from
the DMS are also spread over a wide range between 0.06 and
0.94.
Figure 7 presents the comparison between the distri-
bution of ΥK? from the DMS and from the SED–fitting for
different but representative samples of spiral galaxies. Re-
markably, these distributions are very similar with a differ-
ence in the median of only 0.01, even though the values are
measured using different methods for different samples. Fur-
thermore, a comparison between Υ
SED,[3.6]
? from the SED–
fitting and Υ
[3.6],cor
? as a function of the [3.6]–[4.5] colour
is shown in Figure 8. While the Υ
SED,[3.6]
? is ranging from
0.03 to 0.52, the Υ
[3.6],cor
? is spread over a much narrower
range from 0.44 to 0.49. The range of Υ
[3.6],cor
? is driven by
the difference between the uncorrected 3.6 µm flux and the
flux corrected for non–stellar contamination, which can be
significant in spiral galaxies.
6 A COMPARISON OF BARYONIC
TULLY–FISHER RELATIONS
In this section we present the BTFrs based on different ro-
tational velocity measures (W50, Vmax and Vflat) and using
different stellar mass estimates (see Section 5) in order to
study how the slope, scatter and tightness of the BTFr de-
pend on these parameters.
We calculate the baryonic mass of a galaxy as the sum
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Name M?,1 M?,2 M?,3 M?,4 Matom Mmol
109M 109M 109M 109M 109M 109M
NGC 55 1.6±0.9 1.3±0.8 2.2±0.9 2.4±1.0 1.9±0.01 0.17±0.05
NGC 224a 37.2±14 –±– 83±35 87±35 5.8±0.68 0.10±0.03
NGC 247 1.1±0.2 1.5±0.9 3.4±1.4 3.7±1.5 2.4±0.17 0.002±0.0007
NGC 253 26.0±15 23±14 53±22 57±23 2.9±0.17 2.56±0.76
NGC 300 0.8±0.5 1.1±0.6 2.0±0.8 2.1±0.8 2.2±0.07 0.05±0.01
NGC 925 6.3±2.9 4.5±2.7 8.3±3.5 9.0±3.6 7.2±0.50 0.28±0.08
NGC 1365 63.4±36.3 49±29 86±36 94±38 17±0.57 22.1±6.64
NGC 2366 0.01±0.01 0.1±0.06 0.1±0.06 0.1±0.06 1.1±0.06 0.01±0.00
NGC 2403 1.4±0.8 2.5±1.5 5.4±2.2 6.0±2.4 3.6±0.18 0.63±0.18
NGC 2541 1.0±0.5 1.2±0.7 2.7±1.1 2.9±1.2 6.3±0.33 0.03±0.01
NGC 2841 46.8±42.2 50±30 101±42 111±44 12±1.02 1.55±0.46
NGC 2976 0.7±0.4 0.8±0.5 1.7±0.7 1.9±0.8 0.2±0.009 0.07±0.02
NGC 3031 38.5±24.8 25±15 55±23 57±23 3.9±0.36 0.45±0.13
NGC 3109 0.04±0.01 0.07±0.04 0.1±0.05 0.1±0.06 0.7±0.05 0.01±0.007
NGC 3198 7.7±4.6 8.3±4.9 16±6.8 18±7.3 12.±0.74 0.50±0.15
IC 2574 0.05±0.02 0.2±0.1 0.7±0.3 0.8±0.3 1.9±0.10 0.05±0.001
NGC 3319 2.2±1.2 2.4±1.4 4.2±1.7 4.6±1.8 5.1±0.28 0±0
NGC 3351 22.4±12.7 16±9.7 29±12 32±13. 2.1±0.11 1.40±0.42
NGC 3370 3.6±2.1 7.6±4.5 17±7.2 18±7.6 3.9±0.27 0.57±0.17
NGC 3621 8.4±6.1 6.1±3.6 12±5.3 14±5.7 13±0.74 1.78±0.53
NGC 3627 16.1±9.2 24±14 45±19 50±20 1.4±0.09 5.76±1.72
NGC 4244 0.7±0.3 1.1±0.6 2.6±1.1 2.8±1.1 2.9±0.16 0±0
NGC 4258 23.2±20.8 25±15 52±22 54±22 7.7±0.58 1.82±0.54
NGC 4414 34.4±19.7 32±19 59±25 65±26 7.2±0.54 4.50±1.35
NGC 4535 23.3±17.1 23±13 42±18 47±19 6.5±0.25 5.47±1.64
NGC 4536 15.6±11.9 11±6.7 24±10 27±11 5.8±0.24 2.41±0.72
NGC 4605 1.8±1 1.4±0.8 3.0±1.2 3.4±1.3 0.5±0.03 0.11±0.03
NGC 4639 14.1±4.7 10±6.1 19±8.2 20±8.4 2.2±0.15 0.24±0.07
NGC 4725 46.2±26.4 33±19 58±24 60±24 5.3±0.19 0.01±0.00
NGC 5584 2.9±4.2 7.2±4.2 11±4.7 12±5.1 2.6±0.15 0.91±0.27
NGC 7331 123.6±70.4 53±31 107±45 118±47 12±0.94 11±3.31
NGC 7793 2.4±1 1.5±0.9 2.9±1.2 3.2±1.3 1.4±0.09 0.45±0.13
Table 2. Stellar and gas masses of the sample galaxies. Column (1): galaxy name; Column (2-5): stellar mass, estimated with different
methods: 1– using SED–fitting, 2– using dynamical ΥDyn,K? = 0.29, 3– using Υ? as a function of [3.6]-[4.5] colour, 4– using constant
Υ? = 0.5; Column (6): total mass of the atomic gas, including contribution of helium and heavier elements; Column (7): total mass of
the molecular gas, including contribution of helium and heavier elements; a) we remind that there is no data available for NGC 224 in
the K–band. Therefore it lacks a stellar mass estimate based on the second method.
of the individual baryonic components: stellar mass, atomic
gas mass and molecular gas mass, as listed in Table 2:
Mbar,m = M?,m +Matom +Mmol, (15)
where M?,m is one of four stellar masses, estimated with the
four different methods (m = 1, 2, 3, 4). We further calcu-
late the error on the baryonic mass by applying a full error
propagation calculation:
∆Mbar,m =
√
∆M2?,m + ∆M2atom + ∆M
2
mol, (16)
The derivation of ∆M?,m, ∆Matom and ∆Mmol is described
in Sections 4 & 5.
Consequently, we obtain 12 BTFrs for which we mea-
sure slope, scatter and tightness. To be able to perform
a fair comparison with the statistical properties of the
luminosity–based TFr, we calculate the above mentioned
values of scatter and tightness in the BTFrs in the same
manner as described in P17. All 12 relations are shown
in Figure 9 together with the best fit models of the form
logMbar = a× logVrot + b.
First, we perform an orthogonal fit to the data points,
where the best–fit model minimises the orthogonal distances
from the data points to the model. We use the python imple-
mentation of the BCES fitting method (Akritas & Bershady
1996; Nemmen et al. 2012), which allows to take correlated
errors in both directions into account. Moreover, with this
method we assign less weight to outliers and to data points
with large error bars. Subsequently, we calculate the vertical
scatter σ and the perpendicular tightness σ⊥ of each relation
as described in P17.
Figure 10 shows the slope, scatter and tightness of the
BTFrs for different rotational velocity measures and using
different stellar mass estimates. We find that the BTFr with
the stellar mass estimated from the SED–fitting (Mbar,1)
shows the largest observed vertical and perpendicular scat-
ter. Next, the BTFr with the stellar mass based on the
DMS–motivated dynamical mass–to–light ratio estimate of
< ΥDyn,K? >= 0.29 (Mbar,2), demonstrates somewhat less
scatter and appears to be tighter. However, the tightest
BTFrs with the smallest vertical scatter are those BTFrs
with higher stellar mass–to–light ratios (Mbar,3 and Mbar,4).
Moreover, all the BTFrs demonstrate a shallower slope and
a larger scatter, and are less tight compared to the 3.6 µm
luminosity–based TFr (P17). This result is contrary to pre-
vious studies (McGaugh et al. 2000; McGaugh 2005), since
it suggests that inclusion of the gas mass does not help to
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Figure 9. The BTFrs based on the different rotational velocity measures and using different stellar mass estimates. From top to
bottom 1. using SED–fitting; 2. using dynamical mass–to–light ratio calibration < ΥDyn,K? >= 0.29; 3. using Υ
[3.6],cor
? as a function
of [3.6] − [4.5] colour; 4. using constant Υ[3.6]? = 0.5. The best-fit models are shown with solid lines. Green symbols show flat rotation
curves (Vmax = Vflat), and red symbols indicate galaxies with declining rotation curves (Vmax > Vflat). Blue symbols indicate galaxies
with rising rotation curves (Vmax < Vflat). These galaxies were not included when fitting the model.
tighten the TFr. Instead, it introduces additional scatter,
especially for the lower stellar mass-to-light ratios.
We performed a test by assigning different mass–to–
light ratios in the 3.6 µm band for our sample. We vary
mass–to–light ratios from 0.1 to 10, but assign the same
value to all galaxies. From Figure 11 it is also clear, that in-
creasing the mass–to–light ratio helps to reduce the vertical
scatter and improve the tightness of the BTFr, suggesting
that the scatter in the BTFr is introduced by the gaseous
component. From Figure 11 it is also clear that the contribu-
tion of the molecular gas component does not significantly
affect the statistical properties of the BTFr.
The other important result from our study is that, in-
dependent of the stellar mass estimate, each BTFr shows a
smaller scatter and improved tightness when based on W50
as a rotational velocity measure. This result is also in con-
tradiction with theoretical hypotheses concerning the origin
of the TFr, being a relation between the baryonic mass of a
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Mbar Slope Zero point
W50 Vmax Vflat W50 Vmax Vflat
Mbar,1 3.11±0.19 3.07±0.27 3.34±0.31 2.36±0.48 2.49±0.70 1.90±0.80
Mbar,2 2.82±0.14 2.78±0.20 3.01±0.24 3.12±0.36 3.26±0.53 2.76±0.61
Mbar,3 2.94±0.11 2.89±0.19 3.13±0.21 2.96±0.30 3.10±0.48 2.59±0.54
Mbar,4 2.95±0.11 2.91±0.18 3.15±0.21 2.95±0.29 3.09±0.47 2.58±0.53
Table 3. The statistical properties of the BTFrs. Column (1): Baryonic mass of a galaxy with different stellar mass estimations; Column
(2)-Column(4): slopes of the BTFrs based on W50, Vmax and Vflat; Column (5)-Column(7): zero points of the TFrs based on W50, Vmax
and Vflat
vertical scatter (σ) tightness (σ⊥)
W50 Vmax Vflat W50 Vmax Vflat
Mbar,1 0.21±0.01 0.23±0.02 0.23±0.02 0.065±0.008 0.072±0.004 0.069±0.004
Mbar,2 0.15±0.01 0.17±0.01 0.17±0.01 0.052±0.006 0.058±0.003 0.054±0.003
Mbar,3 0.13±0.01 0.16±0.01 0.15±0.01 0.044±0.005 0.052±0.002 0.047±0.002
Mbar,4 0.14±0.01 0.16±0.01 0.15±0.01 0.044±0.006 0.052±0.002 0.047±0.002
Table 4. The statistical properties of the BTFrs (continued). Column (1): Baryonic mass of a galaxy with different stellar mass
estimations; Column (2)-Column(4): scatters of the BTFrs based on W50, Vmax and Vflat; Column (5)-Column(7): tightnesses of the
BTFrs based on W50, Vmax and Vflat.
galaxy and that of its host dark matter halo. Only Vflat can
properly trace the gravitational potential of a dark matter
halo, because it is measured in the outskirts of the extended
Hi disk where the potential is dominated by the dark matter
halo. However, it is also important to note that the scatter
and tightness of the BTFr based on W50 and on Vflat are
consistent within their error. Tables 3 & 4 summarise the
statistical properties of the BTFrs.
7 OUR ADOPTED BARYONIC
TULLY–FISHER RELATION
As was described in the previous sections, the choice of the
stellar mass–to–light ratio is not straightforward and re-
quires an evaluation of estimates based on various methods,
e.g. from stellar population modelling, or from dynamical
modelling. Interestingly, from our SED–fitting and from the
dynamical estimate of ΥK? from the DMS, we obtained the
same median of < ΥK? >∼ 0.3 (Figure 7) for galaxies that
cover similar morphological types. However, the method of
estimating the mass–to–light ratio as a function of the [3.6]–
[4.5] colour gives a somewhat larger mass–to–light ratios
with a much smaller scatter; Υ
[3.6],cor
? lies in the range be-
tween 0.44 and 0.49.
From Section 5.5 we conclude that the individual mass–
to–light ratios from the SED–fitting are not applicable to
our galaxies, as their values show a large scatter, including
unrealistically low mass–to–light ratios for several galaxies.
From our study of the statistical properties of the individual
BTFrs we also can not draw certain conclusions regarding
which stellar mass–to–light ratio to adopt, as the scatter in
the BTFr for each case is driven by the gas component (see
Section 6). Therefore, for a more detailed study of the BTFr
we adopt an intermediate value of the mass–to–light ratio in
3.6 µm band between the high values coming from methods
3 & 4 and the low values coming from methods 1 & 2. Hence,
we adopt the final mass–to–light ratio of Υ
fin,[3.6]
? = 0.35,
which we assign to all galaxies in our sample.
We calculate the baryonic mass of our sample galaxies
Mbar,fin, according to Eq. 15 with the stellar mass measured
as M?,fin = Υ
fin,[3.6]
? ·L[3.6](L). Figure 12 shows our final
BTF relations based on the three velocity measures W50,
Vmax and Vflat. The Mbar,fin–Vflat, BTFr according to our
fit, can be described as
Mbar,fin = (2.99± 0.22) · log(2Vflat) + 2.88± 0.56. (17)
Eq. 17 describes the relation with an observed vertical scat-
ter of σ = 0.16 ± 0.1 dex and a tightness of σ⊥,obs =
0.052 ± 0.013 dex. These results are consistent with recent
studies of the vertical (Lelli et al. 2016) and perpendicular
(Papastergis et al. 2016) scatters of the BTFr, but are some-
what larger compared to the 3.6 µm luminosity–based TFr
(P17). Importantly, our slope and scatter are consistent with
the mean value for these parameters as a function of BTFr
sample size (Sorce & Guo 2016). The contributions from the
stellar and gaseous components to the BTFr separately are
shown in Figure 13
Furthermore, we investigate the intrinsic tightness of
the BTFr. We are focusing on the tightness and not on the
vertical scatter of the relation, because the tightness is a
slope independent measure and should be used as a possible
constraint on theories of galaxy formation and evolution. We
compare the perpendicular distances d⊥,i of the data points
to the line, with the projected measurement errors i based
on the error on the baryonic mass (∆Mbar,i) and the error on
the rotational velocity (Vflat,i) (see P17 for more details).
Figure 14 shows the histogram of d⊥,i/i. In the case of zero
intrinsic scatter σ⊥, this histogram would follow the stan-
dard normal distribution, shown with the dashed Gaussian
curve in Figure 14. However, it is clear that the distribution
of d⊥,i/i, shown with the solid Gaussian curve, is broader
with a standard deviation of 1.33±0.2. Consequently, we can
estimate the value of the intrinsic σ⊥,int as follows:
σ⊥,int =
√
σ2⊥,obs − σ2⊥,err, (18)
where σ⊥,err = 0.045 dex is the perpendicular scatter due to
the measurement uncertainties only. Hence, we estimate the
MNRAS 000, 1–?? (2017)
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Figure 10. The slope, vertical scatter and tightness of the BT-
Frs. Black symbols indicate the values for the relation based
on W50 as a rotational velocity measure, green on Vmax and
red on Vflat. The values are presented for the BTFrs, using
different stellar mass estimates: 1. SED–fitting; 2. dynamical
< ΥDyn,K? >= 0.29; 3. Υ
[3.6],cor
? as a function of [3.6] − [4.5]
colour; 4. constant Υ
[3.6]
? = 0.5. The solid lines show the slope,
scatter and tightness of the 3.6 µm luminosity–based TFr based
on the different rotational velocity measures.
σ⊥,int ∼ 0.026 ± 0.013 dex, which is identical to the σ⊥,int
of the 3.6 µm luminosity–based TFr (P17). Therefore, we
can conclude that even if the BTFr has a larger observed
perpendicular scatter compared to the 3.6 µm luminosity–
based TFr, it is only due to the measurement uncertainties
because both relations have the same intrinsic perpendicular
scatter σ⊥,int ∼ 0.026 dex.
7.1 Search for a 2nd parameter
As was suggested by various authors (Aaronson & Mould
1983; Rubin et al. 1985), the vertical scatter in the
luminosity–based TFr at optical wavelengths can be de-
creased by invoking a second parameter. However, we
demonstrated in P17 that the residuals of the 3.6 µm TFr do
not correlate significantly with any of the galactic proper-
ties and, therefore, we could not identify any second param-
ete that could further reduce the scatter. Verheijen (2001)
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Figure 11. The slope, vertical scatter and tightness of the BT-
Frs as a function of the mass–to-light ratio in the 3.6 µm band.
Black lines indicate the values for the relation based on W50 as a
rotational velocity measure, green on Vmax and red on Vflat. The
solid lines show the trends for the BTFr (M? +Matom +Mmol).
The dashed lines show the trends for M?+Matom. The solid hor-
izontal lines show the slope, scatter and tightness of the 3.6 µm
luminosity–based TFr based on the different rotational velocity
measures.
reached the same conclusion for the K-band MK–Vflat TFr
constructed with Ursa Major galaxies. In this section we
repeat this exercise for the Mbar,fin–Vflat relation and ex-
amine the nature of the residuals along the fitted model line
described by Eq. 17. Figure 15 presents the residuals of the
BTFr (log∆Mbar) as a function of global galactic properties,
such as star formation rate, outer slope of the rotation curve,
central surface brightness, i− [3.6] colour, and gas fraction.
We calculate ∆Mbar as ∆Mbar = Mbar/Mbar,model, where
Mbar,model is described by Eq. 17.
To quantitatively describe the strength of the correla-
tions we calculate Pearson’s correlation coefficients r for
each of the relations. We find the largest r = 0.48 for
the correlation between ∆Mbar and the total gas fraction
(fgas = (Matom + Mmol)/Mbar) and the smallest r = 0.02
for the correlation between ∆Mbar and i−[3.6] colour. Even-
though the strength of neither correlations is sufficient to
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Figure 12. The final BTFr based on the three velocity measures (W50, Vmax and Vflat) with the baryonic mass calculated as Mbar,fin =
M?,fin+Matom+Mmol. The best-fit models are shown with solid lines. Green symbols show galaxies with flat rotation curves (Vmax =
Vflat), and red symbols indicate galaxies with declining rotation curves (Vmax > Vflat). Blue symbols indicate galaxies with rising
rotation curves (Vmax < Vflat). These galaxies were not included when fitting the model.
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Figure 13. The final choice BTFr based on Vflat is shown with
the black symbols. The stellar component is shown with the yellow
symbols and the gaseous component with the cyan symbols.
identify a significant second parameter, a possible correla-
tion between ∆Mbar and fgas could explain why studies
based on gas-rich galaxies (McGaugh 2012; Papastergis et al.
2016) find generally steeper slopes.
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Figure 14. Histogram of the perpendicular distances from the
data points to the line (d⊥,) in Mbar,fin–Vflat relation, nor-
malised by the perpendicular errors. The standard normal dis-
tribution that would be expected for a zero intrinsic tightness is
shown with dashed line. The best–fit to the data, weighted by
the Poisson errors, is shown with the solid line with a standard
deviation of 1.33 ± 0.2.
8 COMPARISON WITH PREVIOUS
OBSERVATIONAL STUDIES AND
THEORETICAL RESULTS
8.1 Previous studies
The biggest challenge in comparing our measurements of the
statistical properties of the BTFr with other studies is posed
by the different methods used to derive the main galaxy
properties such as their baryonic mass and rotational veloc-
ity (Bradford et al. 2016). For instance, the galaxy sample,
the mass range of galaxies, the applied corrections and the
choice of the fitting method contribute significantly to the
measurement uncertainties. Moreover, it is critical in the
comparison that the rotational velocities are similarly de-
fined. Therefore, it is important to note that we consider
MNRAS 000, 1–?? (2017)
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Figure 15. Residuals of the Mbar,fin–2Vflat relation as a function of global galactic properties. r is Pearson’s correlation coefficient.
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Figure 16. The comparison between our BTFr sample and previous studies: left panel from Papastergis et al. (2016); middle panel
from Verheijen (2001) and right panel from Noordermeer & Verheijen (2007). With solid lines the fits for our sample are shown and with
dashed lines the fits for previous studies are shown.
our Mbar,fin − 2Vflat relation for these comparisons. How-
ever, it is not always the case that previous studies of the
BTFr are based on 2Vflat as a rotational velocity measure. In
the literature, it is more common that the global Hi profile
widths are used to estimate the circular velocity and, there-
fore, we further refer to the rotational velocity in general as
Vcirc.
Our results are in a good agreement with those by Lelli
et al. (2016) and McGaugh (2012) who both use Vcirc =
Vflat. We obtain the observed vertical scatter σ = 0.16 dex
to be similar with the one reported by Lelli et al. (2016)
and our observed tightness σ⊥ = 0.052 dex is consistent
with the total tightness σ⊥ = 0.06 dex found by McGaugh
(2012). However, we find a shallower slope than the above
mentioned studies. The slope of the BTFr reported by both
Lelli et al. (2016) and McGaugh (2012) is measured to be
a ≈ 4, while we find the slope of the BTFr to be a ≈ 3. This
can be understood as they applied a higher stellar mass–to–
light ratio (Υ3.6? = 0.5 for the disk) which reduces the rel-
ative contribution of the gas to Mbar such that their BTFr
approaches our L[3.6] − 2Vflat relation. They also do not
include the presence of the molecular gas in intermediate–
and high–mass spirals in their study. Our slope is more con-
sistent with the result by Zaritsky et al. (2014), who find
the slope of the BTFr to be in the range from a = 3.3 to
a = 3.5, however they used the corrected width of the global
Hi profile Vcirc = W
i
50/2.
The low mass end of the BTFr is not well populated by
our sample. Moreover, the low–mass galaxies tend to have
rotation curves that are still rising at their outermost mea-
sured point and, therefore, can not be considered for the
Mbar,fin − 2Vflat relation. Furthermore, the only low–mass
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This work Verheijen01 Noordermeer+07 Papastergis+16
slope 2.99 2.98 3.51 4.58
zero point 2.88 2.82 1.4 -0.66
σ 0.16 0.12 0.20 0.23
σ⊥ 0.052 0.045 0.058 0.053
Table 5. Slope, zero point, scatter and tightness of the BTFrs from different studies Column(1): name of the parameter; Column
(2): slope, zero point, scatter and tightness from this work; Column (3): slope, zero point, scatter and tightness from Verheijen (2001);
Column (4): slope, zero point, scatter and tightness from Noordermeer & Verheijen (2007); Column (5): slope, zero point, scatter and
tightness from Papastergis et al. (2016).
galaxy in our sample (NGC 2366) appears to be very gas
rich (see Figure 13). If we remove this galaxy from the fit,
the statistical properties of our BTFr change slightly, as the
observed tightness changes from σ⊥ = 0.052 to σ⊥ = 0.048
dex. However, there is nothing unusual about NGC 2366
that would allow us to remove it from the BTFr. Moreover,
it clearly demonstrates that inclusion of the gaseous compo-
nent in the TFr increases its scatter, as NGC 2366 is not an
outlier on the luminosity–based TFr of our sample.
For a more detailed comparison with previous stud-
ies, we present the comparison analysis of the statistical
properties of our BTFrs with the BTFr from Papastergis
et al. (2016); Verheijen (2001) and Noordermeer & Verhei-
jen (2007). The sample from Papastergis et al. (2016) is a
sample of heavily gas–dominated (Mgas/M? > 2.7) galaxies
that populate the low–mass end of the BTFr (M? in a range
from 3× 108 to 3× 1010M), where Vcirc was measured as
Vcirc = W
i
50/2. From this sample we adopt only those 68
galaxies that have a large negative kurtosis (h4 < −1.2) of
their global Hi profile, indicating that this profile is double–
peaked. Therefore, in these galaxies W i50/2 is most likely
a good approximation of Vflat. The sample from Verheijen
(2001) is the Ursa Major sample of intermediate mass galax-
ies (M? in the range from 1.6× 109 to 4.0× 1010M) where
Vcirc = Vflat was measured in the same manner as in our
study, and M? = 0.4L?,Ks . The Noordermeer & Verheijen
(2007) sample is a sample of higher mass galaxies (M? in the
range from 2.0 × 109 to 2.0 × 1011M) where Vcirc = Vflat
and M? = 0.4L?,Ks as well. It is critical for the comparison
of the BTFr studies that the fitting algorithm is defined sim-
ilarly (Bradford et al. 2016). Therefore, we apply our fitting
routine to the above–mentioned samples from Papastergis
et al. (2016); Verheijen (2001) and Noordermeer & Verhei-
jen (2007), in order to derive the statistical properties of the
BTFrs in the same way as we did in our study. In Figure 16
we present the comparisons between our sample and those
three from the literature. The low–mass end and the high–
mass end samples show different results in comparison to our
BTFr. For instance, the slope of the high–mass end sample
(Noordermeer & Verheijen 2007) is equal to a = 3.51, while
the slope of the low–mass sample (Papastergis et al. 2016)
has the value of a = 4.58. Meanwhile, the statistical proper-
ties of the Verheijen (2001) Ursa Major BTFr and our BTFr
are in excellent agreement, as the data for both these sam-
ples have been treated in the same way (see Figure 16 and
Table 5).
The other important issue to keep in mind is that the
baryonic masses of galaxies were measured in different ways
in the various studies. This may also contribute to the dif-
ferences we find while performing these comparisons. For
example, Papastergis et al. (2016) use the average value of
the stellar mass as derived with five different methods for
each galaxy in the sample 1 and Mgas = 1.3 ×MHI . Zarit-
sky et al. (2014) adopt a stellar mass as measured from the
ratio of the 3.6 and 4.5 µm fluxes. Lelli et al. (2016) and
McGaugh (2012) adopt a single mass–to–light ratio for all
galaxies equal to Υ3.6? = 0.5 for the disk. The results for our
BTFr with the adopted stellar mass–to–light ratio equal to
Υ3.6? = 0.5 are presented in Section 6, and we recall that
this choice of Υ3.6? = 0.5 for our sample also results in a
shallower slope of a = 3.15± 0.21 for the BTFr.
8.2 Semi–analytical models
In the DM–only simulations within the ΛCDM cosmological
model framework the mass of the DM halo relates to its
rotational velocity as Mh ∝ V 3h,max. Therefore, the BTFr
just follows from this relation as Mbar ∝ V 3rot (Klypin et al.
2011). A further study of the BTFr in the ΛCDM context
is done by using semi–analytical models (SAMs) of galaxy
formation which assign observationally motivated masses of
stars and gas to the host dark matter halo, and Vcirc is
usually calculated by computing the rotation curve, which
takes into account the contribution of the baryons to the
total gravitational potential from which the rotation curve is
calculated (Moster et al. 2010; Trujillo-Gomez et al. 2011).
Consequently, the value of Vcirc is either determined at a
particular radius or is assumed to be the rotational velocity
of the peak of the simulated rotation curve Vcirc = Vmax.
We compare our BTFr with those from two SAMs from
Trujillo-Gomez et al. (2011) and from Desmond (2012).
From Trujillo-Gomez et al. (2011) we consider two mod-
els: one in which DM halos experience adiabatic contraction
due to the infall of the baryons to the halo centres, and
one without adiabatic contraction. The rotation velocity in
Trujillo-Gomez et al. (2011) is calculated at a fixed radius
of 10 kpc. The semi–analytical model of Desmond (2012)
uses the Vcirc = Vmax estimation of the rotational velocity.
Moreover, the Desmond (2012) model also calculates the in-
trinsic scatter of the BTFr, expected in a ΛCDM cosmology.
This scatter is caused by various mechanisms, such as scat-
ter in the concentration parameter of the DM halos, scatter
in the halo spin parameter and scatter in the baryon frac-
tion of the halo. Figure 17 presents the comparison of our
sample BTFr (left panel) and of the combined sample with
those from Verheijen (2001) and Noordermeer & Verheijen
(2007) (right panel) with these two models. Note that for the
1 1. using SED–fitting of the SDSS bands; 2. using SED–fitting
of the SDSS + GALEX bands; 3. using g − i colour; 4. using
constant Υ? = 0.45 in 3.4 µm band; 5. using constant Υ? = 0.6
in K–band.
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Figure 17. Left panel: The comparison between our BTFr with the SAMs from Trujillo-Gomez et al. (2011) (with adiabatic contraction
(solid green line) and without (dashed green line)) and with the semi–analytic model from Desmond (2012) (red line). With dashed red
lines the 2σ intrinsic scatter is indicated. Right panel: the same comparisons but of the combined sample with Noordermeer & Verheijen
(2007) (red circles) and Verheijen (2001) (blue stars).
Figure 18. The comparison of our BTFr combined with No-
ordermeer & Verheijen (2007) (red circles) and Verheijen (2001)
(blue stars) samples, with the galaxies produced by the hydrody-
namical simulations from Piontek & Steinmetz (2011) (red trian-
gles), and by Governato et al. (2012); Brooks & Zolotov (2014)
and Christensen et al. (2014) (blue triangles). The best-fit BTFr
with the measured scatter from the APOSTLE/EAGLE simu-
lations is shown with red shaded area(Sales et al. 2017). The
NIHAO simulations best-fit BTFr with the measured scatter is
shown with the cyan area (Dutton et al. 2017).
observational samples we use Vcirc = Vmax for a fair com-
parison. The slight curvature in the BTFr that is present in
both models is a general prediction of SAMs in the ΛCDM
cosmological model. Both models can reproduce our sample
relatively well (Figure 17) with the one clear outlier NGC
2366. Even though the Desmond (2012) model is system-
atically offset from the observed data points of all three
samples, it can reproduce the relations within the 2σ un-
certainty accounting for the intrinsic scatter of the BTFr, as
indicated with the dashed red lines in Figure 17. It is im-
portant to note that, even though SAMs can reproduce our
BTFr with 2σ uncertainty, we do not find the presence of
curvature in our observed BTFr.
8.3 Hydrodynamical simulations
In Figure 18 we compare our BTFr with individual galax-
ies produced by hydrodynamical simulations in the context
of a ΛCDM cosmological model and with the best-fit BTFr
with the measured scatter from the APOSTLE/EAGLE (red
shade, Sales et al. 2017) and the NIHAO (cyan shade, Dut-
ton et al. 2017) hydrodynamical simulations. While both sets
of the simulations are successful in reproducing the high–
mass end of our BTFr, the NIHAO works better on the
smaller scales. From individual galaxies for the high–mass
end of the BTFr we consider eight galaxies from Piontek
& Steinmetz (2011) and for the intermediate and low–mass
end we consider twelve galaxies, produced in a set of hydro-
dynamical simulations by Governato et al. (2012); Brooks &
Zolotov (2014) and Christensen et al. (2014). In Figure 18
it is shown that these sets of hydrodynamical simulations
are successful at reproducing the observed BTFr with the
exception of the Piontek & Steinmetz (2011) sample of high
mass galaxies, which lies systematically above the observed
BTFr. The rotational velocities of galaxies in these simula-
tions are measured from the width of the global Hi profiles
and therefore, for z fair comparison, we also use W50 as a
rotational velocity measure for the observational samples.
MNRAS 000, 1–?? (2017)
18 Ponomareva et al.
2.0 2.5 3.0
Log(2Vflat)
9
10
11
L
og
(M
ba
r
/M
¯
)
α 0
=
0.
94
A˚
s
−2
α 0
=
1.
48
A˚
s
−2
MOND
N07
Verheijen01
this work
Figure 19. Our BTFr combined with the samples from Noorder-
meer & Verheijen (2007) and Verheijen (2001) and in comparison
with the BTFr predicted by MOND.
8.4 MOND
Modified newtonian dynamics (MOND) is an alternative
to the ΛCDM model of galaxy formation and evolution,
which does not require the presence of dark matter, but
where gravitational forces are entirely defined by the amount
and distribution of the baryonic matter (Milgrom & Braun
1988). Therefore, it predicts that the BTFr with Vcirc =
Vflat can be described with a single power–law with zero
intrinsic scatter, and the relation has a slope of exactly 4
when it is based on Vflat as a rotational velocity measure,
while the normalisation of the relation depends only on the
acceleration parameter α0 (McGaugh 2012).
The advantage of our sample is that it is based on Vflat
as a rotational velocity measure and therefore allows us
to directly compare our results with the predictions from
MOND. While the slope and zero intrinsic scatter of the
BTFr from the MOND prediction are fixed, the normalisa-
tion of the relation can vary due to the uncertainty in the
observational determination of the acceleration parameter
α0 (Begeman et al. 1991). In Figure 19 we consider two
values for the acceleration parameter α0 = 0.94A˚s
−2 and
α0 = 1.48A˚s
−2 which are consistent with Begeman et al.
(1991). Since we deal mainly with bright galaxies, where
the effect of MOND is less obvious than for the dwarfs, we
should note that we do not probe deeply into the MOND
regime at the faint end of the BTFr. However, from Figure
19 it is clear that, while the MOND normalisation works
well for the intermediate mass galaxies, it fails to reproduce
the high–mass end of the BTFr (represented by our, Verhei-
jen (2001) and Noordermeer & Verheijen (2007) samples) by
introducing a slope that is too steep. In conclusion, neither
the non–zero intrinsic scatter nor the slope of our BTFr are
consistent with the relation predicted by MOND.
9 SUMMARY AND CONCLUSIONS
In this paper we perform a detailed study of the Baryonic
Tully–Fisher relation based on different stellar mass esti-
mates and taking advantage of a sample with accurate pri-
mary distance measurements, homogeneously analysed pho-
tometry, and spatially resolved Hi kinematics. The aim of
our study is to investigate how the various stellar mass esti-
mation methods affect the statistical properties of the BTFr.
For this, we estimate the stellar masses of our sample galax-
ies following four different prescriptions. First, we measured
stellar masses by performing a full SED–fitting using 18
photometric bands (from FUV to far infrared). Second, we
adopt a median value of the dynamical mass–to–light ratio
from the DiskMass survey ΥDyn,K? = 0.3. Then, we calcu-
late the stellar mass–to–light ratio for the 3.6 µm band as a
function of [3.6]–[4.5] colour and, finally, we adopt the sin-
gle mass–to–light ratio equal to Υ
[3.6]
? = 0.5 from Lelli et al.
(2016), which is motivated by an empirical minimisation of
the vertical scatter in the BTFr.
Using each stellar mass estimate, we construct the Bary-
onic Tully–Fisher relations. Each of the relations is based
on three different velocity measures: W50 from the global Hi
profile, and Vmax and Vflat from the rotation curve. For each
of the relations we measure the slope, vertical scatter and
tightness. We find that the tightest BTFrs with the small-
est vertical scatter are those based on larger mass–to–light
ratios (method 3 and method 4) and based on W50 as a
rotational velocity measure. However, none of the relations
demonstrates as small a vertical and perpendicular scatter
as the 3.6 µm luminosity–based TFr. This allows us to con-
clude that mostly the gas component is responsible for the
increase of the scatter (vertical and perpendicular) in the
BTFr. Hence, increasing the mass–to–light ratio reduces the
vertical and perpendicular scatter of the BTFr, as it makes
the gas contribution negligible.
We consider in detail our BTFr of choice, which is based
on Vflat and a stellar mass computed with a single mass–
to–light ratio Υ
[3.6]
? = 0.35. This choice of the mass–to–
light ratio is motivated by adopting a value intermediate
between the high values of methods 3 and 4 and low values
of methods 1 and 2. We measure the slope, vertical scat-
ter and tightness of our BTFr. We find the slope equal to
2.99±0.28, which is shallower in comparison with previous
studies (Lelli et al. 2016; McGaugh 2012), and the vertical
scatter σ = 0.16 dex, which is consistent with the previous
study by Lelli et al. (2016). We find the observed tightness
σ⊥ = 0.052 dex to be smaller than the ones found by Pa-
pastergis et al. (2016) and McGaugh (2012). This observed
perpendicular scatter is larger than the perpendicular scat-
ter of the 3.6 µm luminosity–based TFr (P17). However,
the estimated intrinsic perpendicular scatter is shown to be
similar σ⊥,int ∼ 0.026± 0.13 dex.
Furthermore, we compare the results of our BTFr
with various theoretical predictions from ΛCDM theories of
galaxy formation and MOND. We find that semi–analytic
models (Trujillo-Gomez et al. 2011; Desmond 2012) and
different sets of cosmological hydrodynamical simulations
(Dutton et al. 2017; Sales et al. 2017) represent our relation
reasonably well within the allowed 2σ uncertainty. More-
over, individual galaxies of different masses from various
hydrodynamical simulations (Governato et al. 2012; Brooks
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& Zolotov 2014; Christensen et al. 2014; Piontek & Stein-
metz 2011) also tend to follow our observed BTFr. However,
the predictions from MOND fail to reproduce the observed
BTFr at the high–mass end, where the observed galaxies
of high masses tend to lie below the MOND predicted re-
lation since the slope predicted by MOND is steeper. Our
observed BTFr is shown not to be consistent with a zero
intrinsic scatter at the 2σ level.
In conclusion, it is important to point out that there is
no unique method to estimate the stellar masses of spiral
galaxies. Various methods lead to estimates which may dif-
fer significantly from each other. Therefore, the statistical
properties of the Baryonic Tully–Fisher relation remain un-
certain as different stellar mass–to–light ratios lead to dif-
ferent estimates of the slope, scatter and tightness of the
relation.
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APPENDIX A: UNCERTAINTIES IN THE
SED–FITTING
It is clearly demonstrated in Figures 7 and 8 that 3.6 µm
stellar mass–to–light ratios, measured from the SED–fitting
span a wide range, while stellar population synthesis mod-
els predict this value to be more or less constant. The major
concern regarding the SED–fitting results is that for sev-
eral objects mass–to–light ratios are very small, for exam-
ple Υ
SED,[3.6]
? = 0.03 for IC2574 or Υ
SED,[3.6]
? = 0.04 for
NGC 2366. If these were real, the galaxies would produce
10 times more light for the same mass, and this should be
seen strongly in the colours, unless most of it is obscured.
Figures A1 and A2 show the correlation between Υ
SED,[3.6]
?
and g − r colour and total luminosity of a galaxy in the
3.6 µm band (L[3.6]), respectively. While the correlation be-
tween Υ
SED,[3.6]
? and g − r colour is absent with Pearson’s
coefficient r equal to 0.37, Υ
SED,[3.6]
? correlates well with
the L[3.6] (r = 0.66). This correlation with the band which
is closely related to the stellar mass illustrates that mostly
low mass dwarf galaxies have low mass–to–light ratios. The
possible reason is the fact that there might be contamina-
tion of the 3.6 µm flux due to non-stellar emission and by
the leakage of the PAH bands. However, the low mass–to–
light ratios of these galaxies do not directly result into an
increased scatter of the BTFr, as many of them have ris-
ing rotation curves and were not included in the statistical
analysis.
Another concern is that the best errors we can apply
to the stellar mass–to–light resulting from the SED–fitting
are motivated by the study of Roediger & Courteau (2015)
who found a very low error of 0.1 dex using a set of simu-
lated galaxies. However, Roediger & Courteau (2015) only
used griz and H– band for their study, basically only bands,
dominated by the stars. Unlike us, they did not use any dust
emission. The inclusion of the dust emission is an important
constraint as it regulates the amount of extinction in the
0.3 0.4 0.5 0.6 0.7 0.8 0.9
g − r
0.0
0.1
0.2
0.3
0.4
0.5
0.6
Υ
3
.6
,S
E
D
?
r=0.37
Figure A1. Correlation between Υ
SED,[3.6]
? and g − r colour. r
is Pearson’s correlation coefficient.
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Figure A3. A comparison between Υ
SED,[3.6]
? obtained using
information from all 18 bands (grey area) and using only stellar
bands griz & JH (hatched area).
bands dominated by stellar light. Figure A3 shows a com-
parison between Υ
SED,[3.6]
? obtained using information from
all 18 bands and using only the stellar griz & JHK bands,
similar to Roediger & Courteau (2015). It is clearly seen
from Figure A3 that use of only stellar bands still produces
a wide spread of Υ
SED,[3.6]
? . Moreover, the amount of galax-
ies with very low mass–to–light ratios increases. Figure A4
shows the correlation (r = 0.63) between the difference of
fluxes in the z– and J– bands and the minimum χ2 for the
best–fit SED–fitting model for each galaxy. The correlation
between other bands flux ratios and χ2 is absent.
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Figure A4. Correlation between the difference of fluxes in z–
and J– bands and the minimum χ2 for the best–fit SED–fitting
model. r is Pearson’s correlation coefficient.
APPENDIX B: SED BEST–FIT MODELS FOR
OUR SAMPLE GALAXIES
In Figures B1– B32 we present the best–fit models per-
formed with MAGPHYS (in black) over the observed spec-
tral energy distribution of our sample galaxies (see Figure 4
for an example). The blue curve shows the unattenuated
stellar population spectrum. The bottom plot shows the
residuals for each measurement ((Lobs − Lmod)/Lobs). The
full Appendix B data can be found here.
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